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Contractual Origin of the Invention 

The United States Government has rights in this invention pursuant to Contract No. DE- 
AC36-99GO10337 between the U.S. Department of Energy and the Midwest Research histitute. 

Technical Field 

This invention relates to film forming processes in general and more specifically to methods 
and apparatus for forming silicon nitride films. 

Background Art 

Silicon nitride films arie known and are being used in a wide variety of applications including, 
for example, the fabrication of electronic circuits and devices, as well as to provide surface 
protection and/or passivation for electronic devices and other materials. Silicon nitride films may 
be formed by Chemical Vapor Deposition (CVD) processes using, for example, as source gases, 
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dichlorosilane (SiCl2H2) and auimohia (NH3). Chemical Vapor Deposition (CVD) is a process 
whereby a solid material is deposited from a vapor by a chemical reaction that occurs on or nearby 
a heated substrate. The solid material is obtained as a coating, a powder, or as single crystals. 
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One problem with known methods for forming silicon nitride films relates to poor conformal 
or "step" coverage on substrates containing small features. While such poor conformal coverage is 
generally undesirable, it usually has been not been a problem for the relatively large scales (i.e., 
sizes) of electronic circuits and devices fabricated to date. However, the ability to fabricate ever 
small circuits and devices, such as those associated with ultra-large scale integrated (ULSI) circuitry, 
is beginning to be hanipered by the limited ability of known deposition methods to provide 
sufficiently conformal silicon nitride coatings. Stated another way, the inability to form sufficiently 
conformal silicon nitride coatings is beginning to be an impediment to the development of smaller 
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and/or higher density circuit devices and elements. 



Disclosure of Invention 

A silicon nitride film formation method includes: Heating a substrate to be subjected to fihn 
formation to a substrate teniperature; heating a wire to a wire teniperature; supplying silane, 
ammonia, and hydrogen gases to the heating member; and forming a silicon nitride film on the 
substrate. 

Apparatus for forming a silicon nitride film on a substrate may comprise a process chamber. 
A substrate heater positioned within the process chamber is configured to receive the substrate. A 
wire positioned within the process chamber is heated to a wire temperature. A supply of silicon 
precursor material operatively associated with the process chamber provides a silicon precursor 
material to the process chamber. A supply ofnitrogen precursor material operatively associated with 
the process chamber provides a nitrogen precursor material to the process chamber. A supply of 
process ehharicement gas operatively associated with the process chamber supplies a process, 
enhancement gas to the process chamber. 

Brief Description of the Drawing s 

Illustrative and presently preferred embodiments of the invention are shown in the 
accompanying drawing in which: 

Figure 1 is a schematic representation of apparatus for depositing a silicon nitride film 
according to one embodiment of the present invention; and 

Figure 2 is a scanning electron micrograph of a silicon nitride coating deposited in 
accordance with the teachings of the present invention. 

Best Modes for Carrving Out the Invention 

Apparatus 10 for depositing a silicon nitride (i.e., SiNJ film 12 on a substrate 14 according 
to one embodiment of the present invention is illustrated in Figure 1 and may comprise a deposition 
or process chamber 16 containing the substrate 14 on which is to be formed or deposited the silicon 
nitride film 12. A substrate heater 18 in thermal contact with the substrate 14 heats the substrate 14 
to a temperature suitable for the formation of the sihcon nitride film 12 in accordance with the 
teachings provided herein. A wire or filament 20 provided within the process chamber 16 is 



electrically connected to a power supply 22. The power supply 22 is used to heat the wire 20 to the 
appropriate temperature, also in accordance with the teachings provided herein. A supply of process 
gases 24 is fluidically connected to the process chamber 16 and supplies to the chamber 16 process 
gases suitable for the formation of the silicon nitride film 1 2 according to the teachings of the present 
invention. By way of example, in one preferred embodiment, the process gases supplied by the 
supply of process gases 24 comprise silane (SiH4), ammonia (NH3), and hydrogen (H2). A vacuum 
pump 26 and pressure regulator 28 are also fluidically comiected to the process chamber 16 and 
maintain the internal pressure of the process chamber 16 within a predetermined range of process 
pressures suitable for carrying out the process of the present invention. It is general ly preferred, but 
not required, that the deposition chaniber 16 also be provided with a shutter assembly 30 to shield 
the substrate 14 from the filament 20 and reaction area 32. By operating the shutter assembly 30 to 
block or shield the substrate 14 from the filament 20 and reaction area 32 at the appropriate time, 
the shutter ^sembly 30 may be used to provide improved control of the thidkness 34 of film 12. 

The apparatus 10 rtiay be operated as follows to deposit a silicon nitride film 12 on the 
substrate 14. Assuming that the proces3 chamber 16 and various ancillary equipment and devices 
have been provided in the manner set forth above, the substrate heater 18 is activated to heat the 
substrate 14 to a temperature in the range of about 200°C to about 400°C (300 °C preferred). The 
power supply 22 is also activated to cause an electric current to flow through the filament 20. The 
electric current flowing in the wire 20 heats the wire 20 to a teinperature in the range of about 
1 ,800''C to about 2, 1 OO^'C (2,000 ''C preferred). At this point, the process gases from the supply of 
process gases 24 may be introduced into the process chamber 1 6 . The vacuum pump 26 and pressure 
regulator 28 are operated to maintain the pressure inside the process chamber 16 at a pressure 
commensurate with the efficient formation of the silicon nitride film 12. By way of example, in one 
preferred embodiment, the process chamber 1 6 maybe maintained at a pressure in the range of about 
10 millitorr to about 50 millitorr (25 millitorr preferred). As mentioned above, the process gases 
may coinprise silane, ammonia, and hydrogen. As will be described in greater detail below, the 
silane and ammonia gases are introduced in approxiniately stoichiometric amounts, although it is 
generally preferred to provide ammonia in slight excess of stoichiometric amounts. By way of 
example, in one preferred embodiment, the flow-rate of silane is about 2.5 standard cubic 



centimeters per minute (seem), whereas the flow-rate of ammonia may be in the range of about 3 to 
5 sccni. Hydrogen is also introduced into^the process chamber 16 by the supply of process gases 24. 
Although not required for the formation of silicon nitride, it is generally believed that the 
introduction of additional amounts of hydrogen into the process chamber 16 is partly or even solely 
responsible for the superior confomial coverage of silicon nitride films (e.g., film 12) deposited in 
accordance with the teachings of the present invention. That is, without the addition of additional 
amounts of hydrogen, the films tend to be Si-rich. Adding additional amounts of hydrogen to the 
process is believed to significantly enhance the NH^ radicals during film growth^ resulting in the 
ability to produce high-quality, conformal SiN^ films at low temperatures. Accordingly, in one 
preferred embodiment, hydrogen gas (H2) is introduced at a flow rate of about 40 seem. Operating 
the apparatus 10 in accordance with the foregoing parameters yield deposition rates of the silicon 
nitride film 12 in the range of about 1-2 Angstroms per second (A/s). 

It should be noted that the foregoing steps could be performed in other sequences since the 
order of the foregoing steps. is not critical in achieving the objects and advantages of the present 
invention. For example, the flow of process gases could be initiated before heating the substrate 14 
and/or filament 20 to the appropriate temperatures, particularly if a shutter assembly 30 is used to 
shield the substrate 14, In addition, the various process gases may be introduced in any order, or 
simultaneously. Consequently, the present invention should not be regarded as limited to performing 
the foregoing steps in any particular order. 

As mentioned above, silicon nitride (SiN^) films 12 deposited in accordance with the 
teachings of the present invention are highly advantageous in that they exhibit highly conformal, 
(i.e., step) coverage of very small-scale features which maybe provided on the substrate 14. For 
example, and with reference now to Figure 2, a silicon nitride film 12 having a thickness 34 of about 
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500 A is shown deposited over metal traces 36 provided on a crystalline silicon substrate 14, The 
metal traces 36 have a height 38 of about 2,000 A and a width 40 of about 1500 A. As can be seen, 
the thickness 34 of film 1 2 is highly uniform, even on the vertical or side portions of the metal traces 
36, providing nearly 100 % step coverage, 

A significant advantage of the method and apparatus of the present invention is that it may 
be used to produce highly-conformal silicon nitride coatings on a wide range of substrates. The 



silicon nitride coatings also may be formed at relatively low substrate temperatures, thereby 
increasing the numbers and types of substrates that may be coated without thermal damage to the 
substrate, hi addition, because the present invention does not require plasma enhancenient, the 
present invention also avoids plasma damage to the substrate and/or coating which is known to occur 
in certain types of plasma-enhanced chemical vapor deposition processes. In addition, the method 
and apparatus of the present invention achieves high deposition rates, and is readily scalable, thereby 
allowing the present invention to be advantageously utilized in large-scale and/or high capacity 
production environments. 

Having briefly described one method and apparatus for producing silicon nitride films 
according to the present invention, as well as some of its more significant features and advantages, 
various embodiments of the present invention \yill iiow be described in detail. Referring back now 
to Figure 1, one embodiment of apparatus 10 for depositing a silicon nitride (i.e., SiNJ film 12 oil 
a substrate 14 may comprise aprocess or deposition chamber 1 6 within which is provided a substrate 
heater 18 and a wire or filament 20. The process chamber 16 may comprise any of a wide variety 
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of configurations and sizes depending on the size of the substrate 14 and/or the numbers of substrates 
14 to be coated at one time. Of course, the process chamber 16 should also be configured to 
accommodate the substrate heater 18 and wire 20. By way of example, in one preferred 
embodiment, the process chamber 16 comprises a generally cylindrically-shaped structure sized to 
contain the various devices and to operate in conjunction with the various systems shown and 
described herein. Alternatively, of course, other configurations are possible. The process chamber 
16 may be fabricated froni stainless steel, although other materials could also be used. Therefore, 
the process chamber 1 6 of the present invention should not be regarded as limited to any particular 
configuration or any particular material. 

The substrate heater 18 may be mounted at any convenient location within the process 
chamber 16 and may comprise any of a wide range of heating systems for heating substrates in 
vacuum processing systems that are well-known in the art or that may be developed in the future. 
Of course, the substrate heater 18 should be capable of heating and maintaining the substrate 14 at 
temperatures within the ranges specified herein. However, because substrate heaters (such as 
substrate heater 1 8) suitable for use with the present invention are well-known in the art and could 



be easily provided by persons having ordinary skill in the art, the particular substrate heater 18 that 
niay be utilized in the present invention will not be described in further detail herein. 

The wire or filament 20 may be mounted at any convenient location within the process 
chamber 16 by any of a wide range of mounting systems (not shown) known in the art for mounting 
hot filaments. Generally speaking, however, it is preferable to mount the wire 20 nearby the 
substrate 14 to be coated. The wire 20 may be fabricated from any of a wide range of materials 
suitable.for the intended application. By way of example, in one preferred embodiment, the wire 20 
is fabricated from tungsten, although other materials may be used. However, in considering the 
choice of materials for the wire 20, it should be noted that the wire 20 should be capable of being 
operated at the required temperature and over a reasonable time-span without significant damage. 
The relatively high filament temperatures involved (e.g., about 2,000 '^C), will limit the wire 20 to 
materials capable of being operated at such temperatures, such as tungsten and various alloys thereof. 

The wire 20 is connected to a power supply 22 which provides the energy required (i.e., via 
electric resistance heating) to heat the wire 20 to the required temperature. Accordingly, power 
supply 22 niay comprise any of a wide range of types (e.g., AC or DC power supplies) having any 
of a wide range of power outputs that would be suitable for the intended application. Consequently, 
the present invention should not be regarded as limited to any particular type of power supply having 
any particular power capacity or output. However, by way of example, in one embodiment, the 
power supply 22 comprises an AC type power supply capable of providing a current of about 16 
amperes at a voltage of about 1 1 volts. As will be discussed in greater detail below, supplying the 
wire 20 in one embodiment with this voltage and current will result in a wire temperature of about 
2,000 °C. Of course, larger power supplies will be required if the apparatus is to have increased 
capacity. 

The process chamber 16 is fluidically connected to a process gas supply source 24 capable 
of providing the process gases in amounts sufficient for the intended application. More specifically, 
the types of gases supplied by the process gas supply source 24 include a silicon precursor material 
42, a nitrogen precursor material 44, and process enhancement gas 46. As its name implies, the 
silicon precursor material 42 provides the silicon atoms required for the silicon nitride film 12. 
Examples of silicon precursor materials 42 include, but are not limited to SiH4, 812^1^^ and SiH2Cl2. 
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The nitrogen precursor material 44 provides the nitrogen atoms required for the silicon nitride film 
12. Examples ofnitrogen precursor materials 44 include, but are not limited to The- 
process enhancement gas 46 provides additional amounts of hydrogen to the process chamber 16. 
Such additional amounts of hydrogen are believed to contribute to the highly conformal nature of 
5 the silicon nitride film 12 produced by the apparatus and method of the present invention, hi one 
preferred embodiment, the process enhancement gas comprises hydrogen. 

Referring again to Figure 1 , the silicon precursor material 42 may be contained in a suitable 
reservoir 48 that is in fluid communication with the process chamber 16 via a suitable gas conduit 
50. A valve 52 operatively associated with the gas conduit 50 and positioned between the reservoir 

10 48 and the process chamber 1 6 may be used to control the flow of the silicon precursor material 42 
into the process chamber 16. Alternatively^ however, other configurations and devices for 
. introducing the silicon precursor material 42 into the process chamber 1 6 may be used, as would be 
obvious to persons having ordinary skill in the art after having become familiar with the teachings 
of the present invention. Consequently, the present invention should not be regarded as limited to 

15 the particular delivery systern for the sihcon precursor material 42 that is shown and described 
herein. 

The nitrogen precursor material 44 may be contained in a suitable reservoir 54 that is in fluid 
communication with the process chamber 16 via a suitable gas conduit 56. A valve 58 operatively 
associated with the gas conduit 56 and positioned between the reservoir 54 and the process chamber 
20 16 is used to control the flow of the nitrogen precursor material 44 into the process chamber 16. Of 
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course, and as was the case for the delivery system for the silicon precursor material 42, the delivery 
system for the nitrogen precursor material 44 may comprise any of a wide range of configurations 
and devices. Consequently, the present invention should not be regarded as limited to any particular 
type or configuration for the delivery system for the nitrogen precursor material 44. 
25 The apparatus 10 for depositing a silicon nitride film 12 is also provided with a supply of 

process enhancement gas 46 (e.g.^ hydrogen). As discussed above, it is believed that the presence 
of excess arnounts of hydrogen within the process chamber 16 contributes to the highly-conform 
nature of the silicon nitride film 12. The process enhancement gas 46 may be provided to the 
process chamber 16 by any of a wide range of delivery systems that are known in the art or that may 
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be developed in the future, as would be obvious to persons having ordinary skill in the art after 
having become familiar with the teachings of the present invention. Consequently, the present 
invention should not be regarded as liniited to any particular type of system having any particular 
components for delivering the process enhancement gas 46 to the process chamber 16. However, 
by way of example, in one preferred embodiment, the process enhancement gas 46 may be contained 
in a reservoir 60 that is fluidically connected to the process chamber 16 via gas conduit 62. A valve 
64 located in the gas conduit 62 and positioned between the reservoir 60 and the process chamber 
.16 maybe used to regulate the flow of the process enhancenient gas 46 into the process chamber 16. 

The apparatus 10 for depositing a silicon nitride film 12 is also provided with a vacuum 
pump 26 and pressure regulator 28 that are fluidically connected in series to the interior of the 
process chamber 16 via suitable gas conduit members 66 and 68, respectively. The arrangement is 
such that the vacuum pump 26 and pressure regulator 28 may be set to maintain the internal pressure 
of the process chamber 16 at a process pressure or within a range of process pressures suitable for 
carrying out the method of the present inventioia. The vacuum pump 26 and pressure regulator 28 
may comprise any of a wide variety of types that are now known in the art or that may be developed 
in the futiire having capacities sufficient for the intended application. Alternatively, other 
configurations comprising other devices niay be used to ensure that the internal pressure of the 
process chamber 16 is maintained within the desired range, as would be obvious to persons having 
ordinary skill in the art after having become familiar with the teachings of the present invention. 
Consequently, the present invention should not be limited to any particular type of system or 
configuration for maintaining the pressure of the process chamber 16 within the desired range. 
Moreover, since such vacuum pumps (e.g., vacuum pump 26 and pressure regulators (e.g., pressure 
regulator 28) are well-known in the art and could be easily provided by persons having ordinary skill 
in the art after having become familiar with the teachings of the present invention, the particular 
vacuum pump 26 and pressure regulator 28 that may be utilized in the present invention will not be 
described in fiirther detail herein. 

It is generally preferred, but not required, that the apparatus 10 for depositing a silicon nitride 
film 12 also be provided with a shutter assembly 30 to shield the substrate 14 from the filament 20 
and reaction area 32. The shutter assembly 30 may be operated at the appropriate time to block or 



shield the substrate 14 from the filament 20 and reaction area 32, thereby providing for iniproved 
control of the thicloiess 34 of film 12; However, because shutter assembUes, such as shutter 
assembly 30, for shielding substrates being coated in vacuum processes are well-known in the art 
and could be easily provided by persons having ordinary skill in the art, the particular shutter 
assembly 30 that may be utilized in one embodiment of the present invention will not be described 
in further detail herein. 

The apparatus 10 may be operated in accordance with the following method to produce the 
silicon nitride film 12. As a first step in the process, the substrate heater 1 8 is activated to heat the 
substrate 14 to a temperature suitable for the formation of the silicon nitride film 12. Specifically, 
the substrate 14 should be heated to a temperature in the range of about 20O°C to about 400°C 
(300^C preferred). While temperatures within this range produce acceptable results, experiments 

indicate that higher substrate temperatures (i.e„ temperatures nearer to 400°C) generally result in 
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silicon nitride films 12 having lower total bound hydrogen amounts (i.e., less than about 1 1 percent 
by weight) , with generally higher N-H to Si-H ratios. Conversely, lower substrate temperatures 
(nearer to 200°C) generally result in siUcon nitride filnis 12 having somewhat higher total bound 
hydrogen amounts, with generally lower N^H to Si-H ratios. ' ^ 

The power supply 22 is also activated to cause an electric current to flow through the wire 
20. The electric current flowing in the wire heats the wire 20 to a temperature in the range of about 
1,800^C to about 2,100^*0 (2,000 °C preferred). If the wire 20 is made from tungsten or a tungsten 
alloy, it has been found that the silicon nitride film 12 will contain minimal amounts of tungsten 
metal contamination. Decreasing the temperature of the wire 20 to temperatures closer to 1 ,800^C 
generally results in lower amounts of tungsten metal contamination and lower deposition rates. 
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After the substrate 14 and wire 20 have been heated to the appropriate temperatures, the 
process gases from the supply of process gases 24 may be introduced into the process chamber 16. 
The vacuum punip 26 and pressure regulator 28 are operated to maintain the pressure inside the 
process chamber 16 at a pressure conmiensurate with the efficient formation of the sihcon nitride 
film 1 2 . By way of example, in one preferred embodirnent, the process pressure may be maintained 
at a pressure in the range of about 10 millitorr to about 50 rriillitorr (25 millitprr preferred). Higher 
pressures usually result in higher deposition rates and better film qualities. As discussed above, the 



process gases supplied by the supply of process gases 24 include a silicon precursor niaterial 42, a 
nitrogen precursor material 44, and process enhancement gas 46. Examples of silicon precursor 
materials 42 include, but are not liniited to SiH4, SiiH^, and SiH2Cl2. In one preferred embodiment, 
the silicon precursor material 42 comprises gaseous SiH4. Examples of nitrogen precursor materials 
44 include, but are not limited to N2 and NH3. Li one preferred embodiment, the nitrogen precursor 
material 44 comprises gaseous NH3. The process enhancement gas 46 in one preferred embodiment 
comprises gaseous Hj. 

The SiH4 and NH3 gases may be introduced into the process chamber 16 in approximately 
stoichiometric amounts. However, it is generally preferred that the process be conducted with 
arnmonia in slight excess of stoichiometric amounts. By way of example, in one preferred 
embodiment, the flow-rate of SiH4 is about 2.5 seem, whereas the flow-rate of NH3 maybe in the 
range of about 3 to 5 seem. As already discussed, it is generally believed, although not confirmed, 
that hydrogen dilution is partly or even solely responsible for the superior conformal coverage of 
silicon nitride films (e.g., film 12) deposited in accordance with the teachings of the present 
invention. Accordingly,, in one preferred enibodiment, hydrogen gas (H2) is used as the process 
enhancement gas 46 and is introduced at a flow rate of about 40 seem. Operating the apparatus 10 
in accordance with the foregoing parameters yield deposition rates of the silicon nitride film 12 in 
the range of about 1-2 Angstroms/second (A/s). If a shutter assembly 30 is provided, it may be 
opened and closed at the appropriate times to allow the silicon nitride film 12 to be deposited at the 
appropriate time and at the desired thickness. 

, As mentioned above, the order of the foregoing process steps is not critical in achieving the 
objects and advantages of the present invention. Therefore, the process steps could be performed 
in other sequences without departing fi-om the teachings of the present invention. For example, the 
flow of process gases could be initiated before heating the substrate 14 and/or filament 20 to the 
appropriate temperatures. In addition, the various process gases may be introduced in any order, or 
simultaneously. Consequently, the present invention should not be regarded as limited to performing 
the foregoing steps in any particular order. 

As mentioned above, siUcon nitride (SiNJ films 12 deposited in accordance with the 
teachings of the present invention are highly advantageous in that they exhibit highly conformal, 
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(i.e., step) coverage of very simall-scale features which may be provided on the substrate 14. For 
example, and with reference now to Figure 2, a silicon nitride film 1 2 having a thickness 34 of about 
500 A is shown deposited over metal traces 36 provided on a silicon substrate 12. The metal traces 
36 have a height 38 of about 2,000 A and a width 40 of about 1500 A. The thickness 34 of film 12 
is highly uniform, even on the vertical or side portions of the metal traces 36, providing nearly lOQ 
% step coverage. 

EXAMPLE 

In this Example, a crystalline silicon substrate 14 having a plurality of metal traces 36 (Figure 
2) provided therein was coated with a silicon nitride film 12. The substrate 14 was placed in thermal 
contact with the substrate heater 1 8. The substrate heater 1 8 was then operated to heat the substrate 
14 to a temperature of about 340°C. The jjower supply 22 was operated to heat a tungsten wire or 
filament 20 to a temperature of 2,000'^C. At this point, the process chamber 16 was evacuated by 
the vacuum pump 26, The process gases from the supply of process gases 24 where then introduced 
into the process chamber 16 and allowed to raise the internal pressure of the process chamber 16 to 
a pressure of about 25 millitorr. The silicon precursor material 42 comprised gaseous SiH4 and was 
introduced into the process chamber 16 at a flow rate of about 2.5 standard cubic centimeters per 
minute (seem). The nitrogen precursor material 44 comprised gaseous NH3 and was introduced into 
the process chamber 16 at a flow rate of about 3 seem. The process enhancement gas 46, comprising 
gaseous hydrogen, was introduced into the process chamber 16 at a flow rate of about 40 seem. The 
process was operated for about 7 minutes, resulting in the deposition of a highly conformal silicon 
nitride filni 12 having a thickness 34 of about 500 angstroms. 

It is readily apparent that the apparatus and process discussed herein maybe used to produce 
large quantities of highly conformal silicon nitride films. Consequently, the claimed invention 
represents an important developrnent in silicon nitride coating technology in general and to highly 
conformal silicon nitride film technology in particular. Having herein set forth preferred 
embodiments of the present invention, it is anticipated that suitable modifications can be rnade 
thereto which will nonetheless remain within the scope of the present invention. Therefore, it is 
intetided that the appended claims be construed to include alternative embodiments of the invention 
except insofar as limited by the prior art. 



